Background. Scientific advances have led to the discovery of novel treatments with high prices. The cost to publicly fund high-cost drugs may threaten the sustainability of drug budgets in different health care systems. In oncology, there are concerns that health-benefit gains are diminishing over time and that the economic evidence to support funding decisions is too limited. Methods. To assess the additional costs and benefits gained from oncology drugs over time, we used treatment protocols and efficacy results from U.S. Food and Drug Administration records to calculate cost-effectiveness ratios for drugs approved to treat first-and second-line metastatic or advanced breast, colorectal, and non-small cell lung cancer during the years 1994-2013. We assessed reimbursement recommendations reached by health technology assessment agencies in the U.K., Australia, and Canada.
INTRODUCTION
Drug expenditures in oncology have risen more dramatically than in any other area of health care [1] . Publically funded health care systems now face unprecedented challenges in their mission to maximize population health with limited health care funds [2] [3] [4] . There is concern among policy makers and health care providers that the health benefits gained from new oncology drugs are diminishing and that cost trends may not be sustainable for drug budgets [5] . To protect drug budgets, most health care systems now apply some form of health technology assessment (HTA) to inform decisions about which new drugs to fund with limited public resources [6] .
Cost-effectiveness analysis (CEA) is a standard methodology from the field of health economics that expresses the potential value of new drugs in terms of units of currency (e.g., dollars) per health benefits gained [7] . Resource-allocation decisions are usually based on CEA or some other form of economic analysis, along with medical, social, and ethical considerations [8] .The economic evidence used in drug-funding decisions can vary among different jurisdictions.The National Institute for Health and Clinical Excellence (NICE) in the U.K., for example, places a heavy emphasis on health gain and trial-based evidence of costeffectiveness in its HTA process [9] . In Australia, the Pharmaceutical Benefits Advisory Committee (PBAC) relies on evidence of cost-effectiveness and national budget impact as part of its process to inform decisions about the funding of new drugs [10] . The pan-Canadian Oncology Drug Review (pCODR) is an oncology-specific agency that offers recommendations to the majority of Canada's health care jurisdictions that are responsible for funding decisions. pCODR makes recommendations to the individual provincial health care systems in Canada about reimbursement of oncology drugs. pCODR specifically considers clinical efficacy, cost-effectiveness, patient perspectives, and system feasibility in its HTA review process [11] .
Much of the data required for cost-effectiveness modeling is not readily available from clinical trials, and economic models must be informed by assumptions about clinical efficacy, quality of life, and costs for new drugs relative to comparative treatments. Consequently, the economic evidence that manufacturers submit to HTA agencies at the time of assessment has a high degree of statistical uncertainty and is subject to bias toward manufacturers' interests [12] . The matter is further complicated by the need for specialized understanding in the fields of both oncology and health economics to interpret the evidence presented to HTA review committees. An unfortunate potential consequence of having evidence that is too limited to inform HTA processes is inefficient resource-allocation decisions, which displaces investment in resources that are more likely to improve population health [9] . The problem will be exacerbated by new regulatory policies that enable drugs to be approved more rapidly with limited clinical trial data [13] . Clinical development times have decreased dramatically over the past two decades and are now less than 2 years in duration before approval by the U.S. Food and Drug Administration (FDA) [14] . HTA decisions must now be made in a relatively short amount of time; however, the expertise to inform these decisions requires a specialized understanding of cancer health economics and modern issues pertaining to reimbursement of high-cost drugs, such as willingness to pay and how to manage assumptions based on limited qualityof-life data.
As a solution to the problems associated with limited economic evidence and the complexity of HTA review, it has been suggested that HTA evaluations should be better aligned with regulatory processes [15, 16] . Because some form of HTA is now necessary, whether it be at the level of a national governing body or a private health care insurer, the process has become synonymous with market access, and it is likely that early stage HTA evaluations will be more closely integrated with regulatory processes in the future [17] .
In this paper, we have applied cost-effectiveness analysis to oncology drugs at the point that they were authorized for market sale by the FDA, a key regulator in the global oncology drug market. We used data from FDA approval records for cancer drugs for three major oncology indications over the past 20 years. Our results suggest that the move toward early stage HTA engagement is now critically important because postgenomic drugs reach the market with less evidence and more complexity than ever before.
METHODS

Efficacy Gains From Pivotal Clinical Trials
Evidence of effectiveness that informed approval decisions of first-and second-line drugs for advanced or metastatic breast cancer, colorectal cancer, or non-small cell lung cancer (NSCLC) were obtained from the FDA review records of new drug applications or biological licensing applications. These records were obtained from publically available summaries on the FDA's website; if the required information was not available, it was specifically requested from the FDA under terms of the Freedom of Information Act (http://www.accessdata.fda.gov/ scripts/foi/FOIRequest/index.cfm). Specific clinical trials that are selected by the FDA as the basis of decisions for approval or nonapproval (pivotal trials) are subjected to strict quality control and statistical review and can be considered robust sources of evidence to inform this analysis. Efficacy data from clinical trials that were identified as pivotal (i.e., the basis for establishing efficacy) were found in the FDA's medical or statistical review or on the FDA-approved product label. Overall survival (OS) was used when available at the time of approval; otherwise, surrogate progression-based outcomes were assessed. Some approvals were based on the same outcome measure but different results from more than one pivotal trial; in such cases, the trial demonstrating the outcome with the greatest magnitude of benefit was used for this analysis. This criterion reflects our purpose of comparing costs for the best possible outcomes demonstrated by trials for drug approvals over time. We compared efficacy gains (ΔE) for new drugs relative to their trial-specific comparator within the same indication by first identifying the most common and patient-relevant efficacy outcome from the FDA review for each treatment line (i.e., first or second line) and indication(i.e.,metastatic oradvancedbreast,colorectal, and nonsmall cell lung cancer) at the time of approval.
Metastatic colorectal cancer and advanced NSCLC diagnoses are associated with relatively short survival, an outcome that occurs early enough in the evaluation of a trial to be measured and used in drug-approval applications. For these two cancer indications, effectiveness outcomes were usually reported as OS. Newer second-line colorectal cancer drug approvals (i.e., oxaliplatin and panitumumab) hinged on statistics for time to progression (TTP). Consequently, we calculated ΔE for the second-line colorectal cancer treatments using both OS and time-to-progression benefits. Most approvals for drugs against metastatic breast cancer were based on TTP; therefore, we used TTP differences between the new drug and the trial-specific comparator to assess the relative gain in benefits among the metastatic breast cancer drugs. It was necessary to assume that TTP is approximately equal to progression-free survival (PFS) for one approval studied in this analysis (bevacizumab for metastatic breast cancer, approved in 2008). We were unable to adjust survival and progression times with utility scores because insufficient quality-of-life data were available from clinical trials.
Measuring Differences in Cost
Per-person drug and administration costs for treatment (C t ) and comparator (C c ) were determined from the FDA-recommended dosage for each of the drugs comprising the approved regimen on the product label. A regimen is defined in this study as an ©AlphaMed Press 2015
The Oncologist ® approved combination of chemotherapy drugs for a specific indication. P is the price of the drug, which is a product of the dosage (DOSE) and the per-milligram wholesale unit cost of the drug (UNIT COST) obtained from pCODR reviews or at the fiscal quarter that the drug price information first became available at the British Columbia Cancer Agency (BCCA) following FDA approval: P 5 DOSE 3 UNIT COST The total per-person drug cost (R) was calculated as a sum of P times the expected duration of treatment of each drug (D) plus A, the cost of administering each drug in the approved and comparative regimens, as in the following equation, in which n is the number of chemotherapy drugs in the approved or comparative regimen in the pivotal trial. The parameters for calculating R, D, and A are described in more detail in the supplemental online Appendix:
R was converted to C, the total per-person cost, and converted to 2013 Canadian dollars for the purpose of comparison, using the following equation and the average change in the Consumer Price Index for Health Goods in Canada between the years 2003 and 2008 (0.74%) with exponential power to y, the difference between the number of years from 2013 and the year at which the drug was approved, rounded to the nearest dollar. Costs and benefits were not discounted because calculation of cost-effectiveness ratios (CERs) occurred at a stationary point in time:
C 5 Rð1:0074Þ y Drug price information was obtained from the BCCA, one of several different Canadian cancer agencies, because of the accessibility of the information. Drug prices may vary to a small extent across different health care jurisdictions within Canada. If drug price information was not available in the BCCA pharmacy database at the time of writing, then the drug was excluded from our cost analysis. This applied to the following metastatic breast cancer drugs: toremifene, ixabepilone, and fulvestrant.
Cost-Effectiveness Ratios
Cost differences were calculated as the difference between the cost of the treatment (ΔC) and the pivotal trial comparator (i.e., ΔC 5 C t 2 C c ). The CER was calculated by dividing ΔC by the difference in effectiveness (ΔE) between treatment and comparator. CERs are expressed in terms of U.S. dollars per lifeyears gained (LYG) or years of TTP or PFS gained (PFLYG). A time trend was plotted for ΔC and ΔE over time, according to the date of FDA approval (Fig. 1) .The results from linear regression (ordinary least squares) were assessed for increasing (positive slope) or decreasing (negative slope) trend over time with Microsoft Excel for Mac version 14.4.2 (Microsoft, Redmond, WA, https://www.microsoft.com).
HTA Recommendations
Each drug approval that was analyzed was also assessed for its HTA review results in Australia, Canada, and the U.K. The recommendations from the respective HTA review agencies were determined from publically available records. We used guidance issued from NICE in the U.K. [18] , public summary documents from PBAC submissions in Australia [19] , and public review summaries from pCODR (or publically available records from the Common Drug Review prior to 2010) in Canada [20, 21] .
If HTA recommendations were available, a "recommendation" status was assigned. If HTA review was not available online or if a drug was reimbursed under special circumstances, despite a negative recommendation, a "reimbursement" status was assigned based on the current list ofdrugs paid for by the National Health Service, Pharmaceutical Benefits Scheme, or BCCA. The recommendation status (or reimbursement status if no recommendation status was available) was positive, negative, or indeterminate according to the conclusions of review records of the three HTA agencies under study. Positive recommendations included HTA reviews that recommended the drug for funding outright. Also included were recommendations for funding that were conditional on risk sharing or subsequent drug price reductions. An indeterminate recommendation status was assigned for drug reviews that were suspended (due to lack of pursuit for further review by either the manufacturer or the HTA agency), in progress, inconclusive, or deferred until a future date. An indeterminate status was assigned to drugs reimbursed under special funding provisions, such as the Herceptin Program in Australia, or the BCCA's Compassionate Access Program, which provides conditional reimbursement for drugs that apply to fewer than five individuals per calendar year.
RESULTS
During the time of analysis, 50 pivotal trials led to FDA approvals for drugs within the indications and treatment lines under study. Seven regimens were approved based on evidence from singlearmpivotal trials and thus were incompatible withCEA.Wewere able to calculate CERs for 43 unique regimens with direct trial comparators according to our methods. Only 17 drug approvals were issued with evidence of significantly superior OS gains over the pivotal trial comparator. Seven regimens were approved based on noninferiority analysis ofoutcomes, which caused high cost-effectiveness ratios; five of these noninferiority analyses were basedonananalysis ofsurrogate outcomes(TTPorobjective response rates).
Over the years of study, 19 new drugs for metastatic breast cancer were approved. In 1998, trastuzumab-containing regimens defined a biomarker-specific market by demonstrating that patients with breast tumors that overexpress the human epidermal growth receptor type 2 (HER2/neu) receptor gained an additional 0.35 year of TTP when trastuzumab was added to paclitaxel-containing first-line regimens. The CER for trastuzumab at the time was $104,582/PFLYG. The tyrosine kinase inhibitor lapatinib was later added to the list of agents specific for patients with the HER2/neu-positive metastatic breast cancer, at a cost of $87,604/PFLYG relative to the comparator, capecitabine. The aromatase inhibitors anastrozole, first-line letrozole, and exemestane each had lower CERs calculated from their first-and second-line pivotal trials; each of these drugs cost less than $10,000/year of PFS gained over the standard tamoxifen or megestrol acetate control regimens. that is considered acceptable in most HTA jurisdictions (typically HTA agencies consider CERs .$100,000/LYG to be unacceptable [22] ). Very little is known about societal value for progression-free life-years in the economics literature, and it is difficult to speculate what magnitude of PFLY gains might be considered acceptable for the cost. CERs as high as $402,304/ LYG for second-line bevacizumab and $423,606/LYG for panitumumab were calculated. All second-line metastatic colorectal cancer drugs had CERs greater than $70,000/LYG, and each new regimen had higher costs than the last, although additional benefits in second-line colorectal cancer decreased over time. Administration costs accounted for less than 5% of total costs, with the one exception for the 1995 approval of paclitaxel for NSCLC; the product label specifies that the drug was to be administered intravenously over 24 hours, and administrative costs in this case were 50% of the total cost.
CERs for drugs approved in first-line treatment of advanced NSCLC rose steadily over time.The 2006 approval of second-line bevacizumab for advanced NSCLC resulted in a CER that was triple the CERs calculated in previous years. Second-line advanced NSCLC treatments also had unacceptable CERs according to conventional standards. A ratio of $299,122/LYG was calculated for pemetrexed's 2004 approval.Whenthe approval forpemetrexed wasrestricted to the nonsquamous subclass of NSCLC in 2008, a lower CER resulted ($55,638/LYG) and subclassification to the narrower indication improved cost-effectiveness.
When compared over time, the effectiveness gains (ΔE) increased for new drugs against metastatic breast and first-line metastatic colorectal cancers but decreased for drugs against NSCLC and second-line colorectal cancer (Fig. 1) . Drugs approved for first-line metastatic breast and colorectal cancer had the most positively sloped regression curves for gains in ΔE over time, and steep, positively sloped regression curves for ΔC were seen for all indications and treatment lines over time.
The proportion of positive public funding decisions (recommended or reimbursed) versus negative decisions 
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The Oncologist ® (not recommended/not reimbursed or indeterminately recommended/reimbursed) was similar among the three jurisdictions under study (p . .1) ( Table 1) . Of the 50 drug approvals assessed, the three reimbursement outcomes were in agreement for all three agencies for 32 drugs (64% of the time); 9 of 50 decisions (18%) were unanimously rejected in all three jurisdictions, and 28 of the 50 drugs assessed had high CERs (i.e., greater than $100,000 per PFLYG or LYG or were approved from a single-arm trial). For these high-cost drugs, the three jurisdictions agreed on reimbursement recommendations only 50% of the time. A total of 7 of 28 (25%) of the high-cost drugs were unanimously rejected by all three agencies. Half of the high-cost cancer drugs were approved uniquely in one jurisdiction but not in the others. The reasons for differences between reimbursement decisions include the termination, deferral, or suspension of an HTA review process in any jurisdiction; the use of different comparators according to regional practice; the use of cost-minimization analysis methods for replacement of a less expensive drug on an existing formulary; the expansion or reduction of the drug's indication for use within a jurisdiction or the desire for a reduction in drug prices following HTA review; and politicalconsiderationsbeyondthescopeofCEA.
DISCUSSION
Our results show that drugs approved most recently had higher and sometimes even triple the magnitude of incremental costs for drugs approved for the same indication in earlier years, underscoring concerns about rising oncology drug price trends. Sharp, positively-sloped, ΔC linear regression curves were consistent across all indications, and some indications had decreasing ΔEcurvesover time.The upwardtrendforincreasingΔCovertime suggests that drug costs are likely to continue to rise in the future. Publicly funded health care systems will have to apply economic methods to consider the budget impact and the list of indications for which new cancer drugs are being considered in balance with the additional benefits and costs that could be expected from the expansion of indications over time (e.g., from the metastatic setting to earlier adjuvant treatment indications).
On occasion, cost-effectiveness ratios for the same indications were lower for newer drugs.This may be explained, in part, by price parity among existing drugs within an approved indication. Generally, competition is limited among approved indications because patented drugs tend to dominate a particular market for a decade after the product has been initially approved [23] . If an incumbent drug with a lower price is already serving the targeted market, then reimbursement may depend on displacing the incumbent. The second-line approvals for tyrosine kinase inhibitors erlotinib and afatinib in EGFR-positive NSCLC and first-line approvals for aromatase inhibitors in hormone receptor-positive metastatic breast cancer are examples of competitors with lower cost-effectiveness ratios than drugs approved in earlier years. Both approvals for second-line metastatic colorectal cancer competitors panitumumab and cetuximab, however, had high-cost effectiveness ratios and poor reimbursement results across the HTA agencies under study, indicating that reimbursement is atypical for high-cost drugs.
Lower cost-effectiveness ratios over time may also come about as a result of a drug showing better efficacy in certain groups of patients with a specific biomarker. There was an increasing trend over time for subclassification within indications, and some drugs were relabeled for a narrower indication following an initial approval. The relabeling resulted in reductions in cost-effectiveness ratios for pemetrexed for secondline use against NSCLC and panitumumab in second-line metastatic colorectal cancer.
For the period analyzed, there was an increasing trend in the use of surrogate trial endpoints to inform approval decisions. Most drugs for metastatic breast cancer were approved based on response rates or time to progression. Surrogate outcomes were also the primary endpoints for the most recent drug approvals in colorectal and non-small cell lung cancer. When trials are evaluated for PFS outcomes, cost-effectiveness models make assumptions to estimate probabilities for transition from disease progression to death. Because regulatory approval times have dramatically decreased over the past decade, it is likely that surrogacy will be a major part of future drug approvals, and economic models will need to account for the uncertainty associated with using a surrogate to predict OS [24] . More patientrelevant outcomes such as quality-of-life data are necessary from clinical trials, and if economic evaluations consider surrogate outcomes, then the outcome should be used consistently across other cancer indications to inform drug-funding priorities [25] .
Key regulators, such as the FDA, already have the infrastructure to oversee the collection of economic data such as health utility data in premarket clinical trials. Regulating the availability of economic data for catastrophically priced drugs may be considered complementary to the FDA's mandate to protect public health if better funding decisions may be reached with more robust economic evidence. Our results and those in the literature suggest that inconsistency in HTA review results occurs most often for drugs with high cost-effectiveness ratios, indicating that resource-allocation decisions are likely to be based on opinion or practical considerations [26, 27] . Such decisions are at high risk for inefficiency because limited health care resources are directed away from more costeffective alternatives. Generalizing HTA evaluations through regulatory review of economic evidence could lead to more informative economic models, minimize reliance on opinion, and improve public health by more efficient use of shared resources.
Ouranalysis was limited to the FDA-recommended regimen, using dosage and administration profiles that appear on the product label of the approved drugs. The findings of decreasing incremental benefits over time and break-point magnitude (.$100,000/PFLYG or LYG) CERs are of concern because the clinical trial environment is the most ideal situation in which to obtain promising efficacy results [28] . In our analysis, cost estimates did not reflect nondrug and administration costs that may be incurred during diagnosis or costs from adverse events and toxicities, supportive care, treatment, or variation in institutional practice guidelines and/or patient-level treatment decisions. The actual price that provincial pharmacies pay may deviate positively (from tariffs and administration fees) or negatively (discounts from negotiations with the manufacturer) from the Canadian distributor's price that was used in this analysis.The analysis is also limited by the absence ofeconomic evidence about public and patient preferences for cancer outcomes and the availability of robust quality-of-life data in clinical trials.
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CONCLUSION
As drug prices continue to rise and affect the sustainability of oncology drug budgets, economic evaluation will become increasingly important for managing constrained oncology drug budgets. Surrogate endpoints will become more common, and subclassification within cancer indications is expected to diversify further in the postgenomic era. Early engagement of HTA agencies and health care insurers with manufacturers is an essential step toward maximizing public health. An improved evidence basis for use in HTA is necessary to more accurately assess the value of new cancer drugs while enabling public access to promising new drugs.
